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ABSTRACT

Background: Basophils are implicated in various diseases including allergies, but a comprehensive single-cell characterization
of human basophils has yet to be performed. Here, we aimed to generate a single-cell omics-based reference resource of circulat-
ing human basophils, integrating transcriptomic and large-scale immunoprofiling data. We also sought to investigate basophil
heterogeneity at the molecular level.

Methods: Circulating basophils were analyzed using cellular indexing of transcriptomes and epitopes by sequencing (CITE-
seq). Both short- and long-read single-cell RNA-sequencing platforms were used to capture the transcriptomic data.

Results: CITE-seq enabled accurate identification and profiling of side scatter'®” lineage~ CCR3* FceRI* basophils. Short-read
single-cell RNA-sequencing data revealed two previously unresolved basophil populations, defined by 66 differentially expressed
genes and reproducibly identified across donors. Despite the transcriptional differences, the populations displayed similar im-
munophenotypes based on more than 100 investigated cell surface markers. Long-read single-cell RNA-sequencing analysis
confirmed the existence of the two populations and provided further insights into their gene expression profiles.

Conclusions: We present a multimodal single-cell resource that defines two novel transcriptionally distinct basophil popula-
tions. This resource, accessible through a user-friendly web interface, constitutes a cellular and molecular reference map for
future studies of basophils in health and disease.

1 | Introduction

Single-cell RNA-sequencing technologies allow for profiling of
thousands of individual cells in parallel. Large-scale application
of these technologies has allowed consortia, such as the Human
Cell Atlas [1], to establish reference collections of transcriptom-
ics data of millions of cells. These collections enable the wider

research community to gain cellular and molecular insights into
the cell types throughout the body. Virtually all broad classes
of immune cells have been characterized at the single-cell tran-
scriptional level, including the allergy-associated eosinophil
[2-4] and mast cell [5-7] populations. However, a detailed char-
acterization of basophils has yet to be performed at the single-
cell transcriptional level.
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Immune cell types are typically composed of phenotypically
distinct subsets, yet basophil heterogeneity remains incom-
pletely characterized. Earlier efforts to explore the diversity of
basophils have, for example, relied on assessments of physical
properties [8] or on surface marker profiling using mass cy-
tometry [9]. However, such approaches depend on predefined
conditions and marker panels, inherently limiting the resolu-
tion with which basophil heterogeneity can be resolved. By
contrast, single-cell omics offers an unbiased, high-resolution
characterization of cellular states, enabling systematic iden-
tification of novel basophil populations based on molecular
signatures.

Here, we perform a comprehensive single-cell omics-based
analysis of circulating human basophils. We show that cel-
lular indexing of transcriptomes and epitopes by sequencing
(CITE-seq) analysis [10] detects basophils among circulating
leukocytes. Single-cell RNA-sequencing coupled with large-
scale immunoprofiling reveals two transcriptionally distinct
basophil states and shows that the identified populations harbor
similar immunophenotypes. Long-read-based single-cell RNA-
sequencing verifies the transcriptionally distinct populations
using an independent sequencing approach and provides addi-
tional insights into the basophils' gene expression patterns.

2 | Methods
2.1 | Ethics Statement

The Swedish Ethical Review Authority approved the study, and
the subjects provided informed consent before sample collection.

2.2 | Sample Processing and Cell Isolation

The samples were from anonymous subjects that fulfilled the
requirements to be blood donors in Sweden, which include cri-
teria of being at least 18years old, weighing at least 50kg, and
being healthy. The buffy coat fraction of peripheral blood from
the donors was processed. Low-density leukocytes were iso-
lated using Ficoll-Paque density gradient centrifugation. Any
remaining red blood cells were removed using BD Pharm Lyse
(BD Biosciences, Franklin Lakes, New Jersey, USA). Subsequent
cell isolation steps were intentionally varied between samples
to assess the robustness of the single-cell analysis. The specific
approaches are described in separate sections.

2.3 | Flow Cytometry

Cells were incubated with antibodies against CD3 (clone
HIT3a), CD19 (HIB19), CD14 (M5E2), CCR3 (5E8), FceRI
(CRA-1), CD117 (A3C6E2). 4/,6'-diamidino-2-phenylindole
(DAPI) or 7-aminoactinomycin D (7-AAD) was used to exclude
dead cells. The fluorescently labeled antibodies and live/dead
markers were purchased from Biolegend (San Diego California,
USA), BD Biosciences (Franklin Lakes, New Jersey, USA), and
Miltenyi Biotec (Bergisch Gladbach, Germany). The flow cytom-
etry data were analyzed using FlowJo software (Version 10.10.0,
BD Life Sciences, Ashland, Oregon, USA). The procedures to

analyze the protein expression levels of CXCR4, MS4A3, and
galectin-10/CLC are detailed in Supplementary Methods.

2.4 | Generation of the Donor A Dataset Presented
in Figure 1

Low-density leukocytes were stained with fluorescently labeled
antibodies against CD3 (HIT3a), CD19 (HIB19), CD14 (M5E2),
CCR3 (5E8), FceRI (CRA-1), and the oligonucleotide-labeled an-
tibodies TotalSeq-B0391 anti-human CD45 and TotalSeq-B0090
Mouse IgG1 x isotype control (Biolegend). The stained cells
were split into two cell fractions. One cell fraction was stained
with biotinylated 2-microglobulin antibodies (2M2) and the
other fraction with unconjugated $2-microglobulin antibodies
(2M2) (Biolegend). Each cell fraction was then incubated with
TotalSeq-B0953 PE streptavidin (Biolegend). Antibody incuba-
tion steps prior to the fluorescence-activated cell sorting were
performed in the presence of 2mM EDTA. We sorted side scat-
ter'o¥ (SSC'*%) PE* lineage~ CCR3* FceRI* basophils from the
PE-labeled cell fraction (Figure 1A top) and SSC°¥ PE~ leuko-
cytes from the unlabeled cell fraction (Figure 1A bottom) using
the FACS Aria Fusion system (BD Biosciences). The two cell
fractions were pooled and CITE-seq analysis was performed.
The cells were maintained at 4°C or on ice after the isolation of
low-density leukocytes.

2.5 | Generation of the Donor B Dataset Presented
in Figure 2

Low-density leukocytes were split into two fractions. Each
cell fraction was incubated with either biotinylated or uncon-
jugated f2-microglobulin antibody (2M2), followed by the ad-
dition of TotalSeq-B0953 PE streptavidin together with the
fluorescently labeled antibodies against CD117 (A3C6E2), CD3
(HIT3a), CD19 (HIB19), CD14 (M5E2), CCR3 (SES), and FceRI
(CRA-1). Antibody incubation steps prior to fluorescence-
activated cell sorting were performed in the presence of 2mM
EDTA. Unlabeled basophils (SSC°¥ lineage~ CCR3* FceRI*
PE-) and PE* c-Kit* basophils (SSC'*" lineage~ CCR3* FceRI*
PE* c-Kit") were sorted (Figure S1D) using the FACS Aria
Fusion system (BD Biosciences). The sorted cells were pooled
(Figure S1E) and stained with oligonucleotide-labeled antibod-
ies that included TotalSeq-B0090 Mouse IgG1 isotype control
and TotalSeq-B0391 anti-human CD45 before the CITE-seq
analysis (Biolegend). The cells were maintained at 4°C or on ice
after the isolation of low-density leukocytes. The PE* c-Kit* ba-
sophils did not form a transcriptionally distinct population in
the bioinformatics analysis (Figure SIE-G). All basophils (PE~
unlabeled, PE* c-Kit* labeled, and ambiguously labeled) were
therefore presented together in Figure 2 and referred to as side
scatter'¥ lineage~ CCR3* FceRI* basophils.

2.6 | Generation of the Donors C and D Datasets

Low-density leukocytes were incubated with CCR3-APC-Cy7
antibodies (Biolegend) followed by staining with anti-Cy7 mag-
netic beads (Miltenyi Biotec). Magnetic-activated cell sorting en-
riched the CCR3* cells. The cells were maintained at 4°C during
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the staining and magnetic separation. An additional Ficoll den-
sity gradient centrifugation was performed at room temperature
to remove dead cells. The CCR3* cells were then maintained at
4°C or on ice during the remaining steps. We incubated the cells
with the TotalSeq-B Human Universal Cocktail v1.0 (Biolegend)
according to the manufacturer's recommendations. The CCR3*
cells were further enriched and washed using a magnetic col-
umn. Flow cytometry analysis using the BD FACSCanto II sys-
tem (BD Biosciences) was performed on a fraction of the cells
to verify cell purity. The antibody incubation and magnetic sep-
aration steps were performed in the presence of 2mM EDTA.
However, the EDTA was removed before the CITE-seq work-
flow as it interferes with the cDNA synthesis.

2.7 | Short-Read Single-Cell Transcriptomics Data
Generation

The isolated cells were processed using the 10X Genomics plat-
form (Pleasanton, California, USA). Specifically, single-cell
datasets were generated with the Chromium Next GEM Single
Cell 3’ Reagent Kit v3.1 (dual index) with Feature Barcode tech-
nology for Cell Surface Protein (10X Genomics). To ensure the
capture of the basophils, known to have low RNA contents
[11], one additional PCR cycle was introduced in the first cDNA
amplification step. The final libraries were sequenced on the
Novaseq 6000 platform (Illumina, San Diego, California, USA).

2.8 | Bioinformatic Analysis

Illumina sequencing data were analyzed using Cell Ranger (10X
Genomics) and Seurat (version 4.3.0.1) [12]. Cells were assigned
based on TotalSeq CD45 sequencing reads, whereas barcoded
and non-barcoded cells were identified based on TotalSeq PE se-
quencing reads (Table 1, Figure S1A,B). Sequencing depth and
quality control filters for each dataset are presented in Table 1.
For details about data processing, see Supplementary Methods.

2.9 | Long-Read Sequencing

Long-read sequencing was performed using the Oxford
Nanopore Technology (ONT). For protocol and analysis details,
see Supplementary Methods.

3 | Results

3.1 | CITE-Seq Captures the Transcriptome
of Basophils at the Single-Cell Level

Gene expression analysis of primary human basophils has been
performed in bulk using microarray- and RNA-sequencing-
based methods [11, 13, 14]. However, the capacity of the single-
cell RNA-sequencing workflow to detect the human basophil
population has yet to be evaluated and strategies to confidently
annotate the cell population in datasets are missing. We there-
fore devised a CITE-seq-based strategy to track primary baso-
phils from peripheral blood throughout the experiment, from
the input sample to the resulting dataset. Briefly, we sorted
fluorescently and oligonucleotide-barcoded basophils (side
scatter'®V lineage~ CCR3* FceRI* cells [15]) and mixed them
with low-density leukocytes (Figure 1A). Flow cytometry
analysis showed that the cell suspension used as input for the
single-cell RNA-sequencing contained 26% barcoded basophils
(Figure 1B). As a comparison, 17% of the cells in the single-cell
dataset constituted barcoded cells after quality control and filter-
ing (Figure 1C, Figure S1A-C), revealing successful capture of
the basophil population with a small selective loss of these cells.

We visualized the single-cell transcriptomics data using
Uniform Manifold Approximation and Projection (UMAP) plots
(Figure 1D-F). The absence of a single-cell-based reference to
annotate the basophil population based on gene expression
profile prompted us to specifically plot the oligonucleotide-
barcoded cells (Figure 1D). These cells constituted the
flow cytometry-defined basophils, allowing for accurate

TABLE1 | Total number of sequencing reads per sample and quality control filtering cut-offs.

Surface
protein Cut-offs for quality control filtering (based
Donor Gene expression reads reads on the Illumina sequencing data)
Sample Mitochondria CD45
name Illumina Nanopore Illumina Features (%) reads PE* PE-
A 422,441,331 NA 73,536,058 500 < Features <8 >10%° >10%9 <10%2
<6500
B 392,640,438 NA 80,885,932 500 < Features <6 >10%3 >10%3 <10%?
<3500
C 724,347,603 95,369,616 276,126,031 500 < Features <8 >10!° NA NA
<3500
D repl 786,665,522 71,790,574 260,983,738 500 <Features <8 >101° NA NA
<3500
D rep2 750,427,247 NA 351,590,581 500 <Features <8 >10!3 NA NA
<3500
Abbreviations: NA, not applicable; rep, replicate.
Allergy, 2026 2061
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etry analysis showing the proportion of barcoded cells prior to CITE-seq analysis. The plots show live cells. (C) Analysis of CITE-seq data showing

the proportion of barcoded cells. The histogram shows the distribution of the PE-oligonucleotide derived sequencing reads after the quality control
and filtering steps. (D) UMAP visualization of the single-cell transcriptomics dataset (3720 cells), colored according to panel C. (E) Cells colored ac-

cording to Leiden clusters at resolution 0.4. The clusters are annotated bas

ed on marker genes in panel G. (F) Normalized gene expression of selected

genes. The basophil cluster is encircled. A comprehensive list of genes selectively expressed by basophils is shown in Table S1. (G) Dot plot generated

with the DotPlot function of the Seurat package showing the scaled average expression of cell-type-related genes of the clusters shown in panel E.

The colors of the x-axis labels correspond to the colors of the Leiden clusters shown in panel E.

identification of the basophil cluster (Figure 1D,E). Plotting
the expression levels of cell-type-related genes annotated the
remaining clusters, which included lymphocyte populations,
dendritic cells/monocytes, and neutrophils (Figure 1E-G). As
expected, the basophil cluster expressed genes coding for the

basophil-related markers CD203c (ENPP3), histidine decar-
boxylase (HDC), CCR3 (CCR3), and the IL-3 receptor (IL3RA)
(Figure 1F, Table S1) - consistent with basophils analyzed in
bulk [11]. Taken together, our results revealed the successful
analysis of basophils using CITE-seq.
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FIGURE 2 | A multimodal resource reveals two transcriptionally distinct basophil populations with similar immunoprofiles. (A) UMAP visu-
alization of 6285 sorted basophils colored by Leiden clusters (resolution 0.1). (B) Scatter plot showing the mean normalized gene expression of the
two basophil populations on a log,(x+1) scale according to the AverageExpression function. The colored dots represent differentially expressed
genes. (C) UMAP visualizations showing the normalized gene expression (gray =low; red =high). (D) UMAP visualization of 15,795 CCR3-enriched
cells from 2 donors and 3 CITE-seq libraries colored by annotated Leiden clusters (resolution 0.1). (E) Dot plot generated with the DotPlot function
showing the scaled average gene expression of cell-type-defining genes used to annotate the cells in panel D. (F) Mapping basophils from panel D
onto the UMAP space of the sorted basophils (panel A). (G) UMAP visualizations of the normalized gene expression. (H-J) Analysis of each dataset
independently. (H) UMAP visualization colored by Leiden clusters (resolution 0.1). The leftmost plot is repeated from panel A for side-by-side com-
parison. (I) Population frequencies. (J) Venn diagram showing overlapping differentially expressed genes across datasets. All genes were upregulated
in Basophils 2 versus Basophils 1. (K) Gene Ontology analysis. (L) Heatmap showing cell surface epitope expression based on the oligonucleotide-
conjugated antibodies (hierarchical clustering). Markers shown are differentially expressed between basophils and other cell types. (M) Scatter plot
showing mean CLR-normalized cell surface epitope expression of the two basophil populations. (N) UMAP visualization of the CLR-normalized

protein expression of FceRIa, the protein with the highest fold change.

3.2 | Single-Cell RNA-Sequencing Analysis
Reveals Two Transcriptionally Distinct Basophil
Populations

To investigate the transcriptional heterogeneity of basophils,
we generated an additional dataset comprising basophils (side
scatter®¥ lineage~ CCR3* FceRI* cells) as the only cell type
(see methods and Figure S1D-G). Specifically, basophils were
isolated using fluorescence-activated cell sorting, and the
sorted cells were analyzed using CITE-seq. Strikingly, we
identified two transcriptionally distinct clusters of basophils,
referred to as Basophils 1 and 2 (Figure 2A). Further analysis
revealed 105 differentially expressed genes that were higher in
Basophils 2 compared with Basophils 1 (Figure 2B). Examples
of upregulated genes included CLC and FTL, coding for galec-
tin-10/Charcot-Leyden crystals and ferritin light chain, re-
spectively. The expression levels of the basophil-associated
genes CCR3 and HDC were comparable between the clusters
(Figure 2C).

The unexpected discovery of two transcriptionally distinct
basophil clusters warranted further investigation and the
generation of an additional dataset from independent donors.
To assess the robustness of observing the two populations,
we changed the cell isolation procedure from fluorescence-
activated cell sorting-based to magnetic bead-based ba-
sophil purification. A CCR3-based isolation method was
chosen to enrich for the basophil population, and density
gradient centrifugation ensured that virtually no CCR3* eo-
sinophils remained before the single-cell sequencing protocol
(Figure S1H,I). The CCR3-enriched basophils were incubated
with a panel of 140 different oligonucleotide-conjugated anti-
bodies prior to the CITE-seq analysis to maximize the insights
gained from the additional samples. A total of three replicates
from two independent donors together formed a comprehen-
sive multimodal dataset of basophils, with transcriptomics
data coupled with large-scale immunoprofiling data of each
single cell.

Transcriptome-based UMAP visualization revealed two baso-
phil clusters in the integrated multimodal dataset (Figure 2D,E),
which were not driven by individual replicates or cell cycle
effects (Figure S1J). To investigate whether these clusters
corresponded to the Basophils 1 and 2 clusters in the basophil-
specific dataset (Figure 2A), we mapped the basophils from the

integrated multimodal datasets onto this reference (Figure 2F).
The clusters in the integrated multimodal dataset, also referred
to as Basophils 1 and 2, mapped onto the respective clusters in
the basophil-specific dataset (Figure 2F). This observation indi-
cated that the two basophil clusters can be independently iden-
tified across datasets.

High expression of the CLC and FTL genes marked the
Basophils 2 cluster across the basophil-specific dataset and the
multimodal dataset (Figure 2C,G). To establish a comprehensive
list of differentially expressed genes between Basophils 1 and
2, we performed a differential expression analysis—interrogat-
ing each donor and replicate separately to ensure robustness.
Visualizing and clustering each donor and replicate revealed
that Basophils 1 and 2 clusters were reproducibly distinguished
across 4 replicates, 3 donors, and 2 cell preparation methods
(Figure 2H, Figure S1K) — with Basophils 2 frequencies rang-
ing between 14% and 41% (Figure 2I). In each dataset, 81-105
genes were differentially expressed between Basophils 1 and
2. Intersecting the lists from each dataset established a robust
transcriptomic signature of 66 genes (Figure 2J, Table 2), all of
which were higher in Basophils 2 compared with Basophils 1.
Gene Ontology analysis identified biological processes related to
translation and ribosome assembly and biogenesis (Figure 2K),
reflecting that the list included a large collection of genes en-
coding ribosomal proteins. Notably, downregulation of genes
encoding ribosomal proteins is associated with basophil matu-
ration in mouse hematopoiesis [16]. We therefore speculate that
Basophils 1 and 2 represent distinct maturation stages.

As alternative approach to analyze the single-cell transcriptom-
ics data, we integrated the data from the 3 donors. UMAP vi-
sualization and clustering again identified the Basophils 1 and
2 populations across donors (Figure S2A-C). The sex of each
anonymous donors was inferred based on the expression of XIST
(female) and DDX3Y (male), confirming that both basophil pop-
ulations were captured independent of donor sex (Figure S2D).
Differential gene expression analysis between Basophils 1 and
2 identified 94 genes, which included all 66 genes from the pre-
viously defined signature (Figure S2E). In addition to the genes
encoding ribosomal proteins upregulated in Basophils 2, the
expanded list included FCERIA and CXCR4, which have been
reported to be downregulated during basophil maturation in
mouse [17]. These findings further support the interpretation
that Basophils 2 represent a less mature population.
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TABLE 2 | Differentially expressed genes (all higher in Basophils 2).

Genes

ACTB FTL PNRC1 RPL30 RPLP2 RPS6
ATP5F1E GAPDH PTMA RPL32 RPS12 S100A6
CEBPB H3F3B RFLNB RPL34 RPS14 SH3BGRL3
CFD HLA-A RGS2 RPL36 RPS20 TMSBI0
CLC IFITM2 RPLIO RPL37 RPS24 TMSB4X
EEFI1A1 IRF2BP2 RPL11 RPL37A RPS25 TOBI
EIF1 JUND RPLI2 RPL38 RPS26 TPT1
ELOB MS4A3 RPL13 RPL39 RPS27 TXNIP
EMP3 MYL6 RPLI13A RPL41 RPS27A UBA52
FAU PCBPI RPL21 RPL9 RPS28 UBC
FTH1 PETI100 RPL28 RPLPI1 RPS29 ZFP36

Our CITE-seq-based approach characterized the expression of
134 cell surface markers and included 6 isotype controls. None
of the 134 profiled markers distinguished Basophils 1 and 2
(Figure 2L-N, Figure S3). This included basophil activation
markers, such as CD11b, CD44, CD54, CD63, and CD69 [18]. To
further search for potential protein markers that separate baso-
phils into the Basophil 1 and 2 states, we revisited the lists of dif-
ferentially expressed genes (Figure S2E, Table 2) and performed
flow cytometry analysis of 3 candidates: CXCR4, MS4A3, and
galectin-10 (CLC gene). Basophils expressed all 3 markers at the
protein level (Figure S4), in agreement with the gene expression
data. However, none of the protein markers confidently cap-
tured basophil heterogeneity indicative of Basophils 1 and 2.

We next examined the cell surface marker expression inde-
pendently of the transcriptome-based clusters to assess whether
any marker could subset the basophils based on the surface
phenotype alone. CD22, CD123, CD352, and FceRI exhibited
significant heterogeneity and bimodal expression patterns
(Figure S5A). However, these bimodal expression patterns were
largely driven by donor variability (Figure S5B). Notably, only
CD352 subsets the basophils on the surface protein level within
individual donors (Figure S5B). Nevertheless, the CD352 levels
were comparable in the Basophils 1 and 2 clusters (Figure 2L,
Figure S5C).

3.3 | Long-Read-Based CITE-Seq Analysis Profiles
the Basophil Populations

Single-cell RNA-sequencing based on the Oxford Nanopore
Technology (ONT) has the potential to capture full-length tran-
scripts. We reasoned that this long-read sequencing technology
could potentially improve the detection of specific genes, thereby
gaining insights into basophil heterogeneity beyond the results
obtained from the default short-read Illumina-based sequencing
pipeline. Results based on the Nanopore platform would also en-
able us to validate the existence of basophil populations using an
independent sequencing technology. To generate the long-read
sequencing data, we produced Nanopore sequencing libraries

from the existing PCR-amplified full-length cDNA libraries
used for generating the results of the CCR3-enriched basophils
presented in Figure 2D—one from each donor. The preservation
of the cell barcodes on the cDNA sequences allowed compara-
tive analysis between the Nanopore- and Illumina-based results
(Figure 3A, Figure S6). UMAP visualization of the Nanopore
data revealed three main basophil clusters, designated as
Basophils 1, Basophils 1 ONT, and Basophils 2 (Figure 3B). Both
Basophils 1 and Basophils 1 ONT mainly consisted of cells anno-
tated as Basophils 1 in the Illumina-based analysis (Figure 3C).
The discrimination of the Nanopore-specific Basophil 1 ONT
cluster was attributed to two long non-coding RNAs (Figure 3D).
The Nanopore Basophils 2 cluster mainly consisted of cells of
the corresponding Illumina cluster (Figure 3B,C). Differential
expression analysis based on the Nanopore data revealed higher
expression of the characteristic CLC and FTL genes in Basophils
2 than in Basophils 1 (Figure 3E,F), in agreement with the
Illumina-based results (Figure 2B,C,G, Table 2). We also de-
tected higher levels of TSPAN9 and OOEP in Basophils 2 than in
Basophils 1 in the Nanopore dataset, genes that were poorly cap-
tured in the Illumina dataset despite its overall higher sequenc-
ing depth (Figure 3G,H, Table 1). These observations highlight
the advantage of using two independent sequencing pipelines.

4 | Discussion

Here, we present a cellular and molecular blueprint of circulat-
ing human basophils, accessible through a user-friendly web in-
terface (http://dahlinlab.cmm.se). The resource integrates RNA
sequencing with large-scale immunoprofiling to enable data-
driven exploration of basophil biology at the single-cell level.
Using data from this resource, we identify and characterize
two previously unrecognized basophil populations, laying the
groundwork for future research on the basophil's role in health
and disease.

Human basophils are challenging to capture using single-
cell RNA-sequencing. To address this, the single-cell RNA-
sequencing protocol, the sequencing depth, and the analysis
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FIGURE 3 | Long-read single-cell RNA sequencing provides additional insights into the basophils’ transcriptome. (A) Experimental design. (B)

UMAP visualization of the long-read sequencing data showing 7304 cells from 2 donors. The colors indicate annotated Leiden clusters at resolution
0.1. (C) Bar plot showing the cell composition of the Nanopore-defined clusters (x-axis) according to the Illumina cluster annotation. (D) UMAP visu-
alizations showing the normalized gene expression based on Nanopore and Illumina sequencing data. Note that only the cells that were profiled with

both sequencing pipelines (7304 cells) are shown in the plots. (E) Scatte

1 plot showing the Nanopore-based mean normalized gene expression in the

Basophils 1 and 2 populations on log,(x + 1) scale according to the AverageExpression function. The colored dots highlight differentially expressed
genes. (F-G) UMAP visualizations showing normalized gene expression based on Nanopore and Illumina sequencing data. Only the cells profiled
by both technologies are shown. (H) Bar plot showing the number of cells with at least one sequencing read, plotted separately for each sequencing
pipeline. Only the cells profiled with both technologies were interrogated.

pipeline were adapted accordingly (see Methods). Bioinformatics
analysis identified two transcriptionally distinct basophil popu-
lations. Despite screening more than 100 different antibodies, no
specific cell surface marker that allows the prospective isolation

of each transcriptionally distinct population was found, making
functional analysis difficult. However, the gene expression anal-
ysis revealed that Basophils 2 express higher levels of FCERIA,
CXCR4, and genes encoding ribosomal proteins than Basophils
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1. In mice, downregulation of such genes is associated with baso-
phil maturation [16, 17]. We therefore speculate that Basophils 2
and Basophils 1 represent sequential maturation states, in which
Basophils 1 are terminally differentiated. Nevertheless, this pre-
liminary hypothesis requires future functional validation.

Basophil heterogeneity has previously been examined at the
surface marker level using mass cytometry. Simultaneous mea-
surement of 44 proteins identified 4 potential basophil states,
distinguished based on the expression levels of CD16, CD244,
and FceRI [9]. Our single-cell omics-based resource included
data on more than 100 cell surface markers, allowing for com-
prehensive analysis of the basophils’ immunophenotype. In line
with the mass cytometry results, we observed that basophils ex-
press heterogeneous levels of FceRI. However, given that FceRI
expression on basophils correlates with serum IgE levels [19, 20],
we further analyzed the bimodal expression pattern of FceRI.
Notably, this pattern was driven by donor variation, rather than
reflecting stable basophil populations within individual donors.
A single marker, CD352, displayed a bimodal expression pattern
within individual donors. Flow cytometry analysis of CD352 ver-
ifies this observation [21]. However, the CD352 expression did
not distinguish the transcriptionally distinct basophil popula-
tions and therefore reflects an independent type of heterogeneity.

We intentionally isolated basophils using two different ap-
proaches to assess the robustness of our findings on basophil
heterogeneity. Notably, the identification of Basophils 1 and 2
populations and the main differentially expressed genes were
consistent across isolation methods and donors. However, we
cannot exclude that the isolation method has subtle effects
on the population abundancies or gene expression profile.
Furthermore, we cannot rule out the existence of additional
basophil populations, for example, high-density basophils that
may be lost during density centrifugation. Nevertheless, we ro-
bustly identified two distinct basophil populations, Basophils 1
and Basophils 2, across experimental approaches.

Peripheral blood basophils are clinically analyzed using the ba-
sophil activation test (BAT) to diagnose allergies. In this test,
cell surface expression of CD63 following in vitro exposure to
the relevant allergens is used as a proxy for basophil activation,
indicating that the patient is sensitized. Notably, only a fraction
of the basophils from a given patient typically becomes acti-
vated, resulting in a bimodal CD63 expression pattern that re-
flects activated and non-activated cell states [22]. Our data show
that the CD63 cell surface expression is comparable between the
Basophils 1 and 2 populations under steady-state conditions.
However, whether the two populations differ in their capacity
to become activated—contributing to the bimodal expression
pattern—is an open question. Quantifying and determining the
role of Basophils 1 and 2 in disease settings are also topics for
future research. Thus, the presented single-cell resource serves
as a foundation to investigate how basophil heterogeneity con-
tributes to clinically relevant outcomes.

To conclude, single-cell short- and long-read-based RNA-
sequencing coupled with large-scale immunoprofiling detects
two transcriptionally distinct basophil populations. The single-
cell omics data presented here constitutes a comprehensive
reference resource—accessible through a user-friendly web

interface (http://dahlinlab.cmm.se) - for future studies on baso-
phils in health and disease.
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